1. Cattle were maintained by intragastric infusion to see how much nitrogen was excreted on protein-free diets. 2. Minimal N excretion was estimated with two dairy cows in three periods, i.e. when they were non-pregnant and non-lactating, when they were between 117 and 133 d pregnant and when they were between 220 and 233 d pregnant. The minimal N excretion was also estimated on two occasions with two steers when their average live weights were 200 and 350 kg.
The problem of assessing the minimal protein requirement for tissue maintenance has been the subject of many experiments and lively debates in the past. One of the first comprehensive experiments with simple-stomached animals was carried out by Terroine & Sorg-Matter (1927) . They reported that the basal urinary N excreted by simple-stomached animals on N-free diets was 2 mg N/kcal or about 0-5 mg/kJ basal heat production and the total excretion including faecal N was 0 . 6 4 8 mg N/kJ basal metabolism. Smuts (1935) also reported a linear relation between basal heat production and endogenous urinary N (EUN) loss with N-free diets.
When the EUN was estimated in functioning ruminants it was always found to be considerably lower than in non-ruminants (Mitchell, 1926) . In functioning ruminants, however, the so-called metabolic faecal N (MFN) was more than twice as great (Blaxter, 1964) when expressed in relation to dry matter (DM) intake. It is interesting that Blaxter & Mitchell ( , 1948 argued that although MFN was related to the diet it was still a part of the animal requirement. The question was not resolved since ruminants could not be fed for long periods on N-free diets. The correct place for MFN has still not been resolved since new systems of protein evaluation summarised by Verite et a f . (1979) use different methods. Some systems include MFN in the feed value others as a requirement by the animal. Blaxter (1964) suggested that N was trapped by micro-organisms in the gut which were later excreted in the faeces and that this might be the cause of the high MFN in ruminants. Mason (1969) showed by chemical methods that the MFN largely consisted of microbial debris, and 0rskov et al. (1970) showed that the MFN could be increased, and urinary N decreased, when caecal fermentation was increased. The Agricultural Research Council (1 980) in their review of literature on ruminant protein metabolism concluded that the MFN is largely an inevitable consequence of microbial fermentation of carbohydrate in the rumen giving rise to some indigestible microbial cell walls. The digestibility of microbial protein was used as a factor in the system proposed by the Agricultural Research Council for estimating protein and thus the MFN in effect was considered as part of the losses in utilization of microbial N. The tissue N requirement was simply assessed as the daily excretion EUN.
The technique of maintaining ruminants for long periods by the intrarumen infusion of nutrients enabled further investigation of N metabolism in ruminants to be made because it was possible to sustain animals using N-free infusates. When young lambs were maintained by this technique (Orskov & Grubb, 1978; Storm & Orskov, 1979 ) the EUN was two to three times greater than that reported in the literature as summarized by the Agricultural Research Council (1980) . In the present study the excretion of N was measured in steers of different weights and by dairy cows at different stages of pregnancy both of which were maintained by N-free infusates. The excretion of urea-N and creatinine were also measured at different rates of casein infusion.
M A T E R I A L S A N D M E T H O D S
Animals. In Expt 1 two Friesian cows were used when they were dry and not pregnant (stage A), when they were between 117 and 133 d pregnant (stage B) and when they were between 220 and 233 d pregnant (stage C). Mean live weight was 505, 654 and 693 kg in each of these periods respectively.
In Expt 2 two Friesian steers were used, when they weighed on average 200 kg (stage A) and again when they weighed on average 342 kg live weight (stage B).
Surgery. Cows and steers were fitted with rumen cannulas which had an internal diameter of 45 mm. Cows were fitted with abomasal catheters consisting of a transparent vinyl tube of 12.7 mm internal diameter and 19-1 mm external diameter (Portex Ltd., Hythe, Kent); for steers the corresponding measurements were 9 5 and 13-8 mm.
Infusion procedure and solutions. The infusion procedure used for the cows and the steers was only slightly modified from that described for lambs (Orskov, Grubb, Wenham et al. 1979) . The animal was allowed access to the basal feed, usually dried grass, when the infusion commenced. Food was withdrawn when the desired level of infusion had been reached. The usual procedure was to increase the amount of infusate in increments equivalent to 0.25 times the estimated maintenance requirement for energy and maintain the new level for at least 2 d. This meant that the desired infusion level was usually reached in 10-14 d. Energy for maintenance was estimated to be 450 kJ metabolic live weight (Wo 75) and was supplied as volatile fatty acids (VFA) and casein. Casein-N for maintenance was estimated as 0-7 g/kg W075. When the observations had been completed in each stage, approximately 2 1 rumen contents from a normal animal were passed into the rumen and the animals allowed access to food. Normal levels of food intake were generally reached in 5-7 d.
The mixture of VFA used for all trials consisted of (mmol/mol) 65 acetic, 25 propionic and 10 butyric acids. The buffer solutions were similar to those described by Orskov, Grubb, Wenham et al. (1979) as were the solutions of minerals, trace elements and vitamins which were given in proportion to W0'75. Major minerals were mixed with the VFA and infused into the rumen. The vitamins and linoleic acid were included in the casein solution, and the trace minerals were injected into the abomasal catheter once daily. Rumen pH was measured at least twice daily and if pH was 5.8 or less it was adjusted by injection of more buffer solution or by temporarily reducing the VFA infusion.
Treatments. For each stage, with both cows and steers, the protein infused was reduced from maintenance or 1.5 x maintenance to zero in steps of multiples of maintenance. When the protein was reduced the VFA infusion was increased to adjust for the change in energy level. The days on each level are given in Tables 1-3 stage of investigation in which the N-free infusate was given usually consisted of 6 d except for stage C for cows, when it was 5 d only. As referred to later the results do not include the first day of N-free infusion. Collection procedure. Faeces were collected and bulked for each period for the cows while for the steers they were bulked for the whole collection period. This was because on several days no faeces were excreted. Urine was collected daily and preserved with sulphuric acid at pH below 5 . Analytical procedure. N was estimated in urine and faeces according to the procedure described by Davidson et al. (1970) . Urea was estimated using the technique described by Technicon Instruments Co. Ltd., based on a modification of a techniqu; by Marsh et al. (1965) . Creatinine was estimated by the technique described in Technicon Instruments Co. Ltd., based on the method described by Hawk et al. (1947) .
RESULTS
The results of the five experimental stages are given in Tables 1-5 . Values for the first day of the period when no protein was infused were excluded from the mean values. The reason for this can be seen in Fig. 1 where the N output on the period without protein infusion is plotted v. period of infusion. Excretion on the first day was different but there was no apparent systematic change during the following days. in the period when no protein was infused respectively. The amount of faecal N apparently did not depend on whether or not protein was infused. Creatinine and urea were not estimated during this stage.
Stage B. The rates of infusion and excretion of N are given in Table 2 . Faecal N was not consistently influenced by level of protein infusion and was less than 10% of the total N excretion. The N excretion in the urine without N infusion was 283 and 327 mg/kg W0'75 for cows nos. 351 and 355 respectively, and total N excretions were 298 and 359 mg N/kg W0.75. The excretion of creatinine was unaffected or only very slightly affected by the level of protein infusion, but the proportion of urea-N increased with increasing urinary N. Stage C. Results were calculated as for stages A and B and are summarized in Table 3 . The excretion of N was greater than in stage A, but urinary N excretions without protein infusion were 248 and 318 mg/kg W0'75 for cows nos. 351 and 355 respectively, and total body N excretion was 287 and 350 mg/kg W0"5. Faecal N and creatinine excretion were not consistently affected by the level of protein infusion and the proportion of urea-N increased with increasing N excretion.
Expt 2 Stage A . In this stage (see Table 4 ) the energy level was kept at 1.5 times maintenance until the last 5 d. Reducing the energy level did not appear to affect the excretion of N in the absence of protein infusion. Urinary N excretion without protein infusion was 381 and 426 mg/kg W0'75 for steers nos. 213 and 215 respectively, and total excretion was 387 and 428 mg N/kg W0'75. Separation of faeces and urine was difficult in this trial and so some soft faeces contaminated the urine. The excretion of creatinine was relatively constant regardless of infusion level, while the proportion of urea-N increased as the total amount of N excreted increased. Stage B. In this stage the energy infused was not in excess of the estimated maintenance requirement. The results are given in Table 5 . The faeces were bulked for the whole period since on several days no faeces were excreted. Urinary N without N infusion was 295 mg/kg W0'75 for both steers, and the total N excretion was 308 and 332 mg/kg W0'75 for steers nos. 213 and 21 5 respectively. Creatinine excretion was not consistently affected by N infusion, but the proportion of urea-N increased with the amount of N excreted.
DISCUSSION

Excretion of urea
The excretion of urea-N closely reflected amount of N excretion. It is of interest to compare the values obtained with those quoted in the literature. In Table 6 examples from functioning ruminants and non-functioning ruminants fed on liquids only are given, for N-free, nearly N-free or protein-rich diets. It is seen that the percentage of urea in the urine can vary from 70 mg/g N on N-free diets given to functioning ruminants, to approximately 900 mg/g N for the animals nourished by infusion, in the present work. Low excretion of urea-N when N-free diets are given to ruminants is probably related to very efficient recycling into the gut; thus N excreted in the urine would consist mainly of compounds such as creatinine (which amounted to 320 mg/g N in the trial of Kehar et al. (1943)) and allantoin arising from degradation of purine bases resulting from excretion of microbial nucleic acid-N and small amounts of other more complex products of protein degradation which are excreted in the urine.
The proportion of urea-N excreted on N-free diets was higher when the nutrients were directly infused, as in the present work, or when they by-passed the rumen, as in milk-fed lambs and calves. The higher proportion is most likely a result of a reduced recycling of N into the gut since there was no rumen fermentation to sustain, and to the fact that products of microbial nucleic acid degradation would not be present. The highest values recorded for urea excretion were noted when protein was given in excess of requirement. There is little doubt that the values recorded, in which urea and creatinine accounted for more than 900 mg/g urinary N are only possible because no microbial fermentation took place in the rumen and so the excretion of products from nucleic acid degradation would be absent. Total N excretion in the absence ofprotein infusion A summary of the results in Tables 1-5 is given in Table 7 , where the urinary and total excretions of N are compared with the values proposed by the Agricultural Research Council (1 980) for EUN and taken to represent the requirement for tissue N maintenance. It can be seen that the values from the current work are greater by two to three times than the mean value for EUN.
The urinary excretions of N expressed on a Wo 75 basis are similar to those obtained with lambs using the same technique (0rskov & Grubb, 1978; Storm & 0rskov, 1979) and it must therefore be asked whether the results could be an artifact of the technique used. The same technique has, however, produced normal utilization of protein both in the trials here and with microbial protein (Storm & Orskov, 1979) , and the utilization of energy was slightly greater than that expected on normal feeding (Orskov, Grubb, Smith et al. 1979) . It seems that the values obtained are closer to the sum of EUN and the so-called MFN, and that the contention of Blaxter & Mitchell ( , 1948 ) that MFN had to be included as an animal requirement was closer to being correct than the use of EUN alone, but no technique was available to ascertain whether it was correct or not.
The differences between results obtained here and those in the literature (Agricultural Research Council, 1980) in estimation of minimum excretion of N can be reconciled if we postulate that the so-called MFN in ruminants estimated with N-free diets or low-N diets mainly consists of endogenous N originating from tissue metabolism and that its appearance as faecal N is a result of recycling of N from the blood or saliva to the rumen, from which a proportion will be excreted as indigestible microbial debris (Mason, 1969) . This would support the evidence that it is possible to manipulate the route of excretion (0rskov et al.
1970)
and that an infusion of carbohydrate into the large intestine leads to an increase in faecal N and a concomitant decrease in urinary N with lambs nourished by intragastric nutrition (0rskov & Grubb, 1978) .
In order to test this hypothesis a comparison was made with results from experiments where N-free diets have been given to ruminants, albeit for short periods. Comparisons were also made with values obtained from fasting sheep and from milk or liquid-fed lambs and calves given N-free diets. Values for EUN obtained by extrapolation are not included in t Small amount included in the urine.
f N intake less than 1 g/d. Council (1980) and on the whole give values similar to those obtained with N-free diets and were used to obtain the Agricultural Research Council (1980) estimates for EUN included in Table 7 . Amounts of N excreted by calves given a liquid diet and N-free diets expected to by-pass the rumen appear to be similar to our estimates (Blaxter & Wood, 1951) . The Agricultural Research Council (1980) estimate a total N excretion for pre-ruminant calves of N-free diets derived by extrapolation of about 244 mg/kg W0'75. However, when functioning ruminants were given N-free diets the N excretion differed in two important aspects from the animals given nutrients by infusion, the liquid-fed calves and the fasted animals. First, while the faecal N in the present work was negligible it can be seen that faecal N was approximately twice the amount of the urinary N, when N-free diets were given to normal functioning ruminants. Secondly, the total N excretion was lower with feeding of N-free diets to functioning ruminants than with the other methods of supplying nutrients. There are good reasons for both. First, the urea recycled and trapped in microbial N will, at least in part, be excreted in the faeces. Confirmation of this is seen in the composition of urinary N from ruminants given N-free diets (Table 6, Kehar et al. 1943) , from which urea-N is virtually absent. It is most probable that it is the urea-N which as a result of microbial fermentation is trapped and excreted via the faeces. The fact that food intake eventually ceases when N-free diets are given to ruminants probably implies that the proportion which can be recycled, while substantial, is in the long-term insufficient to sustain rumen fermentation. The results of Clarke et al. (1962) and of many workers since have shown large increases in N in the gut between the mouth and duodenum. With sheep Clarke et al. (1962) found an addition of N of 5-6 g/d.
A good reason why the total excretion may be lower with functioning ruminants sustained on N-free diets, is that as long as fermentation occurs, microbial protein is being produced and digested and so the existence of protein-free diet is more apparent than real. As a result of recycling of N in this way it is reasonable to expect that the excretion essentially becomes limited to indigestible microbial residues and to urinary N which cannot be recycled. It also follows that EUN and MFN determined with N-free diets do not give a complete measure of the minimal N metabolism.
The work on N-free diets together with the effect of increasing the caecal fermentation (0rskov et al. 1970) demonstrates that the endogenous N or that which would have been excreted in the form of urea could almost be entirely excreted in the faeces.
The N balance at fasting appears to be greater by only 20-30% than at energy maintenance in animals given an N-free diet (Table 8 ). This would suggest that the N excreted is an inevitable loss and that whether the energy derives from absorption from the gut or from fat mobilization is of relatively little consequence as far as basal N metabolism is concerned at least for a period. It is of interest that Jakobsen (1958) mentioned experiments carried out in Copenhagen in which the endogenous urinary N excretion in cockerels was similar, regardless of whether the birds were starved or given N-free diets, provided that the birds were in good condition when they were starved. Lean birds excreted more N at fasting than at energy maintenance.
Creatinine excretion and minimal N excretion
The relative constancy of basal N and creatinine excretion (Tables 2-5 ) is in agreement with many reports in the literature and was reported many years ago by Palmer et al. (1914) . Levels of 20-30 mg/kg live weight were usually reported (see Loffgren & Garrett, 1954) and have been used to predict muscle mass. The fact that the steers excreted more per kg live weight than the cows may well reflect a greater proportion of muscle in the steers. Graystone (1968) showed that about 1 g creatinine was excreted daily per 20 kg of muscle mass. If this relationship is constant then it could be suggested that in ruminants the endogenous loss could be derived from determination of creatinine excretion rather than experiments of the nature reported here.
The relationship between total N excretion ( y ) and creatinine excretion ( x ) at zero protein uptake was y = 6*86x+ 6.38, and was highly significant (r 0.86). Obviously caution must be applied where a source of creatinine is included in the diet, and more information is needed before such a procedure can be recommended. Terroine & Sorg-Matter (1927) and Smuts (1935) showed, with simple-stomached animals, that urinary + faecal N excretion on N-free diets was related to basal metabolic rate. Mukherjee & Mitchell (1949) showed that both basal metabolic rate and EUN increased after feeding with iodinized casein and that the value of creatinine: total N remained constant. It is thus possible that the minimal requirement of N could be predicted with sufficient accuracy from measurement of creatinine excretion in ruminants.
Practical implications for feeding of ruminants
In the new system of protein evaluation (Agricultural Research Council, 1980) , the N required for tissue maintenance has been based on EUN and estimated to be in the region of 100 to 120 mg/kg W0'75; MFN was taken as an inevitable consequence of microbial degradation of carbohydrate in food and was not implicated as a requirement, though a further measure of endogenous loss was accounted for by using apparent rather than true digestibility of protein in the small intestine. The underestimation of minimal protein requirement has the greatest effect on tissue requirement for low level feeding or undernutrition. If the supply of protein for an animal given energy sufficient only for maintenance consists of microbial protein alone, it is possible to compare the estimated microbial net contribution with that of the minimal need. If the requirement for metabolizable energy of microbial amino acid N, 0.53 g/MJ ME (Agricultural Research Council, 1980) , then the supply per kg W0'75 would be 0.45 x 0.53 = 240 mg, which is less than the minimal amount needed according to the estimates given in Tables 7 and 8 . If, however, the Agricultural Research Council estimates were based on true digestibility of protein in the small intestine of 0.85 and with consequent change in utilization to 0.80 (Storm & Orskov, 1982) , the contribution at energy maintenance would be 306 mg N/kg W0-75, i.e. close to the tissue maintenance requirement in the mature animal but insufficient for the young animal. If intakes of energy were less than requirements the deficit would be greater. On the other hand, if the need was based on EUN derived by extrapolation or from feeding of N-free diets to functioning ruminants, there would be a considerable excess of protein when the animals were given their maintenance energy. Recent results (Hovell & Orskov, 1981) have provided some confirmation of the results obtained here. Lambs given a maintenance energy diet increased their growth rate when given a protein source which largely escaped rumen degradation. Similar results have been obtained by Smith et al. (1980) who demonstrated growth responses to additions of fish meal with heifers on a high-roughage diet, and Kemptom & Leng (1979) with lambs.
Such underestimations of protein requirement with low level nutrition may help to explain compensatory growth in terms of the short-term responses to repletion of protein (0rskov et al. 1976), and they might explain the surprising effect of undernutrition on the response in growth rate'to protein escaping rumen degradation in older lambs, for which protein requirements were predicted to be satisfied by the microbial protein supply .
